13 C-breath tests are noninvasive tools to measure gastrointestinal function and nutritional interventions. Calculation of percentage dose recovered of 13 C in exhaled breath requires knowledge of CO 2 production rate (VCO 2 ). A resting value is usually assumed, but this can underestimate VCO 2 because subjects are unlikely to remain at rest during tests that last for many hours. There is a need for a method to estimate nonresting VCO 2 during 13 C-breath tests. Objective: To calibrate a heart rate monitor to continually estimate VCO 2 during 13 C-breath tests. Design: Proof of concept study. Subjects: Eight healthy adults, 10 healthy children and six children with cystic fibrosis. Methods: Heart rate and VCO 2 were measured simultaneously at resting and nonresting levels. A new calibration method (smoothing heart rate and fitting a sigmoid function) was compared with published methods. A [ 13 C]acetate breath test was used to demonstrate the range of physical activity during breath tests. Results: The new calibration method was more accurate than existing methods (mean bias À0.0002%, 95% confidence interval (CI) À0.0007, 0.0003% of the mean measured VCO 2 ). Smoothing heart rate gave a more precise estimate of VCO 2 and a more accurate estimate of resting energy expenditure (mean bias À0.09, 95% CI À0.22, 0.05 mmol CO 2 min À1 m À2 body surface area) than using raw data (mean bias À0.21, 95% CI À0.38, À0.04 mmol CO 2 min À1 m À2 body surface area). Physical activity level ranged from 1.0 to 2.5 in children, and 1.0 to 1.5 in adults. Conclusion: Use of smoothed HR with a sigmoid function provides an accurate method of estimating nonresting VCO 2 during 13 C-breath tests.
Introduction
13 C-breath tests are useful noninvasive methods to measure, among other parameters, gastrointestinal function and to monitor pharmacological and nutritional interventions (Parker et al., 1994 (Parker et al., , 1997a Amarri and Weaver, 1995; Amarri et al., 1997; Ling et al., 2000) . 13 C-breath tests are particularly attractive for use in children because they are noninvasive, and pose no radiation hazard. A labelled compound is taken by mouth, usually as part of a test meal. After digestion, absorption and oxidation, the label appears in breath carbon dioxide (CO 2 ), which is the end product of the oxidation of carbohydrate, fat and protein.
The results of many 13 C-breath tests are expressed as the proportion of labelled substrate recovered in breath (percentage dose recovered (PDR)), which is the area under the curve of the rate of appearance of labelled CO 2 (PDR h À1 ) against time. PDR is calculated from breath CO 2 enrichment, CO 2 production rate (VCO 2 ) and the amount and enrichment of ingested substrate . A resting value of VCO 2 is usually assumed and many researchers have used a predicted value of resting VCO 2 of 300 mmol h À1 m À2 body surface area (Shreeve et al., 1970) . Normalizing to body surface area takes into account the variation of VCO 2 with body size and allows the same value to be assumed in subjects of all ages and size. In adults, variations in VCO 2 are minimized by performing the test with subjects in the fasted state (except for the test meal) and seated throughout. During the mixed triacylglycerol test for intraluminal fat digestion, breath samples are collected for 6 h or more (Ghoos et al., 1981; Vantrappen et al., 1989; Amarri et al., 1997; Ling et al., 2000) . Since children are rarely able to sit still for this length of time and do not usually fast for the duration of the test, their energy expenditure will be above resting values. Use of resting VCO 2 to calculate PDR in these circumstances will underestimate the true recovery of 13 C in breath CO 2 . An appropriate nonresting value of VCO 2 should be used to calculate PDR, rather than assuming a constant resting rate throughout to obtain an accurate estimate of PDR. Methods of calibrating heart rate against energy expenditure, oxygen consumption rate (VO 2 ) or VCO 2 must take into account the different relationship between these three measures at resting levels and levels of activity above resting. Thus far, the most widely used calibration method in studies of energy expenditure is the linear-flex method of Spurr et al. (1988) , which used a two-component linear model. However, it is not very accurate at low levels of energy expenditure, just above resting, because of the uncertainty of energy expenditure around the flex point (Dauncey and James, 1979; Spurr et al., 1988; Livingstone et al., 1992) . In 13 C-breath tests, it is important to have an accurate estimate of VCO 2 at both resting and nonresting levels of energy expenditure. An improved calibration method would also be useful for studies of total energy expenditure and patterns of activity that utilize simultaneous measurement of heart rate and motion sensing (Rennie et al., 2000; Strath et al., 2002) .
The aim of this study was to determine the most accurate method of calibrating heart rate monitors for the estimation of total VCO 2 during 13 C-breath tests, and thus obtain an estimate of physical activity level (PAL), which will lead to improved accuracy of calculated PDR in 13 C-breath tests that report results as PDR.
Methods
Subjects and study design Eight healthy adults, 10 healthy children and six children with cystic fibrosis (CF) agreed to take part in the study, representing a wide range of age and body size (Table 1) . Adults and healthy children were recruited from among the staff at the University of Glasgow and their relatives. Children with CF were enrolled from those attending the Royal Hospital for Sick Children, Glasgow, but were free of pulmonary infection at the time of the test. The purpose of the study was carefully explained and written informed consent was obtained from all subjects (adults and children) taking part, and where appropriate, their parent or guardian. Subjects were free to drop out of the study at any time. Ethical approval was obtained from the Yorkhill Research Ethics Committee for the study involving children and from the University of Glasgow Ethics Committee for Non Clinical Research Involving Human Subjects for the study involving adults.
Body weight was measured (to 0.1 kg) using Seca scales (model 707, Seca Ltd., Birmingham, UK). Height was measured (to within 1 mm) using a Holtain stadiometer (Holtain, Crymych, Dyfed, UK). Body mass index (BMI, kg m
À2
) was calculated in adults. In children, BMI was expressed as standard deviation scores (BMI SDS) relative to the UK 1990 reference data (Cole et al, 1995) using software from the Child Growth Foundation (London, UK). Resting metabolic rate and heart rate were measured simultaneously, followed by a heart rate calibration procedure. A [ 13 C]acetate breath test was performed on some subjects to demonstrate the range of physical activity during breath tests and the utility of heart rate monitors to estimate VCO 2 continuously during 13 C-breath tests.
Estimation of resting metabolic rate Prediction of resting VCO 2 . Resting VCO 2 was predicted from body surface area (Shreeve et al., 1970) , which was calculated Estimation of VCO 2 from heart rate C Slater et al from height and weight using the Haycock et al. (1978) equation. This method assumed a constant value of 300 mmol CO 2 h À1 m À2 body surface area or 5 mmol min À1 m À2 for all subjects. Resting VCO 2 was also predicted from basal metabolic rate calculated from age, gender, height and weight using the Schofield (1985) equations and assuming a respiratory quotient (RQ) of 0.85 (IDECG, 1990) .
Measurement of resting VCO 2 . Resting metabolic rate was measured in adults after an overnight fast, and in children 3-4 h after the last meal, using an open circuit indirect calorimeter with a ventilated hood (GEM, Nutren Technologies, Manchester, UK) in a thermostatically temperature controlled environment at 221C. Subjects wore light clothing. Measurements were made for 10 min after 20-min acclimatization lying on a bed. The flow rate, O 2 and CO 2 analysers were calibrated prior to every measurement using calibration gases (Zero gas: high purity N 2 , 99.999%; Span gas: gravimetric mix composed of 20% O 2 , 1% CO 2 , balance N 2 . Air Products Special Gases, Crewe, UK). The whole system was calibrated every 3-4 months by burning ethanol and adjusting the concentration of CO 2 entered in the manufacturer's software for span gas in to give an RQ of 0.667. The repeatability specified by the manufacturer was 0.01% absolute for O 2 and 0.02% absolute for CO 2 . The GEM-ventilated hood indirect calorimeter has a large cape attached to the hood, which enables measurements in sitting, standing and lying positions. This feature permits the measurement of gas exchange simultaneously with heart rate above resting levels. The flow rate through the hood can be optimized for each individual so that the fraction of CO 2 in expired air is between 0.6 and 0.7%. This improves the accuracy of the CO 2 measurements without causing discomfort to the patient.
Measurement of heart rate Heart rate was measured using a Polar Vantage NV heart rate monitor (Polar Electro Oy, Kempele, Finland). The time in both the heart rate monitor and the indirect calorimeter was synchronized using the same personal computer (PC).
Heart rate calibration procedure. VCO 2 and heart rate were measured simultaneously, while subjects lay supine on a bed for 10 min, sat upright on the bed for 6 min and stood at the side of the bed for 6 min. The measurements were also made while subjects sat on a bicycle ergometer (Monark, Mark III, Sweden). The hood of the calorimeter was suspended from the ceiling and the cape tied around the subject's waist. The subjects then began cycling at approximately 50 cycles min À1 and no resistance. Every 5-6 min the resistance was increased until heart rate reached approximately 150 beats min
À1
. Small children cycled at a low workload for 5-6 min followed by an increased workload for 5-6 min. The aim was to maintain a constant heart rate for 3 min following an equilibration period at each level of work. Subjects then lay on the bed and data were collected during the recovery period. Data collection ceased when VCO 2 returned to resting levels.
Data (averaged over 1-min periods) were downloaded from the heart rate monitor and the indirect calorimeter to a PC and transferred to a proprietary spreadsheet (Microsoft Excel 97 SR2). Time data were matched to give simultaneous readings of heart rate and VCO 2 . VCO 2 (mmol min À1 m
À2
) was plotted against heart rate with heart rate the independent variable plotted on the x-axis and VCO 2 the dependent variable plotted on the y-axis. The linear calibration methods of Spurr et al. (1988) and Livingstone et al. (1992) were compared with two nonlinear calibration methods (thirdorder polynomial and sigmoid) with and without smoothing of heart rate data.
The linear-flex method of Spurr et al. (1988) used resting VCO 2 below a critical heart rate and a linear model above the critical value. Resting VCO 2 was defined as the mean measured VCO 2 for all the resting activities (lying, sitting and standing still). The linear model was the regression line through the exercise data, but omitting the recovery data. The flex heart rate was determined empirically by taking the average of the highest resting heart rate and the lowest during exercise on the bicycle. The critical value was calculated by adding 10 beats min À1 to flex heart rate.
The method of Livingstone et al. (1992) was similar, but an equilibration period was allowed at each work level, followed by a 3-min sampling period. The mean of these three data points was plotted on a calibration curve of VCO 2 versus heart rate. The flex point was defined as the mean of the highest heart rate for resting activities and the lowest heart rate on the bicycle ergometer. Above the flex point, VCO 2 was calculated from the calibration curve.
Smoothing heart rate data. Several smoothing routines were explored, including averaging 2, 3 and 4 points (minutes) forward of the point of interest. The most appropriate smoothing routine was judged to be the one with coefficient of determination (R 2 ) closest to unity.
Nonlinear curve fitting VCO 2 was estimated from smoothed heart rate and raw heart rate data using two nonlinear functions: sigmoid and third order polynomial. Eq (1) is the general equation to predict VCO 2 (mmol min À1 m À2 body surface area) from HR (min À1 ) using a sigmoid function.
where x is VCO 2 , y is heart rate and a, b, c and d are constants: a is the amplitude, b is the centre, c is the width of the curve and d is an offset, theoretically equivalent to resting metabolic rate.
Estimation of VCO 2 from heart rate C Slater et al
All data collected during resting, exercise and recovery phases were included. Nonlinear curve fitting was performed using the 'Solver' function of Microsoft Excel (Walsh and Diamond, 1995) . Solver used nonlinear regression to determine, by iteration, the value of the constants that gave the line of best fit through the data. This approach to nonlinear curve fitting has previously been used in studies of gastrointestinal transit using 13 C-breath tests (Wyse et al., 2001a, b; Christian et al., 2002; Sutton et al., 2002 Sutton et al., , 2003 Morrison et al., 2003) .
Data analysis and statistics
All data manipulation were carried out using a proprietary spreadsheet (Microsoft Excel 97 SR2). The accuracy of a calibration method was defined as the mean difference between measured and predicted VCO 2 . The root mean square of the difference between the values predicted by the model and the measured values was taken as a measure of the precision of the method (Motulsky and Ransnas, 1987) . The accuracy and precision of each calibration method were calculated for all subjects, together with the 95% confidence interval (CI). Accuracy and precision were expressed as a percentage of the mean measured VCO 2 during the heart rate calibration procedure.
Resting VCO 2 measured by indirect calorimetry was compared with that predicted from body surface area (Shreeve et al., 1970) , predicted from basal metabolic rate (Schofield, 1985) and predicted from heart rate using the sigmoid model. The mean difference between measured and predicted resting VCO 2 was calculated together with the 95% CI.
Effect of using nonresting VCO 2 , estimated from heart rate to calculate PDR during 13 C-breath tests [1-
13 C]acetate breath tests were performed in some subjects, to demonstrate the effect of using nonresting, rather than resting VCO 2 in a 13 C-breath test. All subjects, who undertook the heart rate calibration procedure performed [ 13 C]mixed triacylglycerol breath tests (Slater et al., 2003) , but unfortunately one healthy child and four children with CF were unable to perform a second 13 C-breath test due to the time required (a second day away from school). In adults (n ¼ 8), subjects remained seated as much as possible during the test. In healthy children (n ¼ 9), the tests were performed in subjects' homes, while watching television or videos, playing computer games or board games, playing with siblings or doing homework. Children with CF (n ¼ 2) performed the test at the hospital. All subjects wore a heart rate monitor throughout the test.
[1-
13
C]acetate (1 mg kg À1 body weight) was baked in a biscuit composed of butter, honey and oats (Slater et al., 2002b) , which are all naturally low 13 C foods (Morrison et al., 2000) . Subjects were given a portion equivalent to 17-20% of their daily energy requirements (Department of Health, 1991) together with a drink of unsweetened orange juice or water flavoured with sugar-free fruit flavoured cordial, as they preferred. Alveolar breath was sampled by exhalation into an Exetainer breath-sampling vial (Labco, High Wycombe, UK) through a straw until condensation appeared on the side of the vial. The cap was replaced immediately. Breath was sampled at baseline, every 10 min for the first hour, followed by every 20 min until 6 h after the test meal. A second meal composed of low 13 C ingredients was given 4 h after the test meal. Children with CF took their usual dose of pancreatic enzyme replacement therapy with this meal, though not with the test meal. Breath 13 CO 2 abundance was measured by continuous-flow isotope ratio mass spectrometry, as previously described . Enrichment was calculated by subtracting the abundance of the baseline sample from that of the postdose sample. PDR was calculated using the formula given by Slater et al. (2002a) and using each of the following values of VCO 2 :
(1) A constant value of resting VCO 2 predicted from body surface area (Shreeve et al., 1970; Haycock et al., 1978) . (2) A constant value of resting VCO 2 predicted from basal metabolic rate using the Schofield (1985) equations based on height and weight and assuming a RQ of 0.85 and therefore the energy equivalent of CO 2 is 23.76 kJ/l (IDECG, 1990; Slater et al., 2004) . (3) A constant value of resting VCO 2 measured using a ventilated hood indirect calorimeter. (4) Continuously measured nonresting VCO 2 estimated from HR using the individual's own calibration.
When VCO 2 was estimated from HR, a different value was used to calculate PDR in each breath sample. The VCO 2 value taken was the mean within 75 min of the time of the breath sample during the first hour and 710 min of the time of the breath sample for the following 5 hours. Cumulative excretion of 13 C in breath CO 2 (cPDR) was calculated using the trapezoidal rule.
PAL during the [1-13 C]acetate breath test was taken as cPDR calculated using VCO 2 estimated from smoothed HR divided by cPDR calculated using measured resting VCO 2 (Method 4 above divided by Method 3). This is mathematically equivalent to nonresting VCO 2 divided by resting VCO 2 , which equates to total energy expenditure/resting energy expenditure (TEE/REE).
Results
The subjects represented a wide range of age (5-47 years) and body size (BMI 21-34 kg m À2 in adults and BMI SDS À1.0 to þ 2.5 in children) (Table 1) . Table 2 shows the accuracy and precision of the calibration methods. In Table 2A accuracy and precision are presented as a percentage of the mean measured VCO 2 . Expressing accuracy and precision in this manner demonstrates the magnitude of the errors compared to the magnitude of the measurement. For comparison, absolute values (mmol min À1 m À2 body surface area) are given in Table 2B . Table 3 shows the difference between VCO 2 measure using the ventilated hood indirect calorimeter and VCO 2 predicted from body surface area (Shreeve et al., 1970) , basal metabolic rate (Schofield, 1985) and heart rate. Smoothing heart rate relative to VCO 2 , by averaging two points forward, brought the exercise and recovery data closer to the same line (Figure 1) , and therefore improved the precision of the model (Table 2) . Smoothing allowed all calibration data to be included in the model, rather than including only data after equilibration at each energy expenditure level and ignoring the recovery period (Spurr et al., 1988; Livingstone et al., 1992) .
Nonlinear methods had no bias because a single function was fitted to all data using the method of least squares. The most accurate and precise calibration method was obtained by fitting a sigmoid function to smoothed heart rate data (Table 2) . A negative value of accuracy indicated an over- n ¼ 24 subjects. HR ¼ heart rate; VCO 2 ¼ carbon dioxide production rate; VO 2 ¼ oxygen consumption rate. The accuracy of a method is the mean difference between measured and predicted VCO 2 . Precision is the root mean square (RMS) of the difference between measured and predicted values (Motulsky and Ransnas, 1987) . a VO 2 was estimated from heart rate using a sigmoid function and VCO 2 was estimated from VO 2 assuming RQ ¼ 0.85. Insufficient resting data were obtained from the heart rate calibration procedure to adequately predict resting VCO 2 in one healthy child. Data from this child were excluded from the statistical analysis of resting VCO 2 . Heart rate (min -1 ) Figure 1 Plot of heart rate versus carbon dioxide production rate (VCO 2 ) from a single adult subject. Effect of smoothing heart rate relative to VCO 2 including both exercise and recovery data (J raw heart rate data, K smoothed heart rate data). Plots from healthy children and children with cystic fibrosis were similar.
Estimation of VCO 2 from heart rate C Slater et al estimation of VCO 2 by the model. The steady-state method of Livingstone et al. (1992) significantly overestimated VCO 2 . The bias was not significant, when the two-component, linear-flex method of Spurr et al. (1988) was used to estimate VCO 2 from heart rate, but the 95% CI was much narrower using a single non-linear function. The sigmoid function gave a more accurate estimate of resting energy expenditure than the third order polynomial, as a third order polynomial tends to overestimate VCO 2 at low heart rate levels (Figure 2 ). There was a significant difference (a ¼ 0.05) between measured and predicted VCO 2 using the linear flex method in four out of 24 subjects (three adults and one child with CF: data for individual subjects not shown). The steady-state method consistently overestimated VCO 2 , giving significantly different estimates in 50% of subjects (four adults, three healthy children and five children with CF). When using the Solver function of Microsoft Excel to fit a nonlinear function to raw heart rate data, the model failed to converge in two subjects. When smoothed heart rate data were used, a solution was found for all subjects.
Differences between measured resting VCO 2 and predicted resting VCO 2 were not significant when VCO 2 was predicted from body surface area (Shreeve et al, 1970) , basal metabolic rate (Schofield, 1985) or heart rate using smoothed data and a sigmoid function (Table 3) . Differences were significant when resting VCO 2 was predicted from raw heart rate data.
The cumulative PDR in 6 h following ingestion of [1- 13 C]acetate is shown in Table 4 , together with the PAL during the test.
Discussion
If heart rate monitors are to be used to predict VCO 2 in 13 Cbreath tests, it is important to have an accurate estimate of VCO 2 at low levels of energy expenditure as well as at elevated levels. Prediction of resting VCO 2 from smoothed heart rate using a sigmoid curve was as accurate as the other methods of predicting resting VCO 2 in this group of subjects, although resting VCO 2 predicted from raw heart rate was not (Table 3 ). The sigmoid model with smoothed heart rate gave an accurate estimate of VCO 2 at both resting and nonresting levels using a single function. This is not possible using the flex methods, because of the uncertainty at low levels of energy expenditure around the flex point (Dauncey and James, 1979; Spurr et al., 1988; Livingstone et al., 1992) . The accuracy of linear calibration methods was similar to that reported by Spurr et al. (1988) and Livingstone et al. (1992) . The mean difference between measured and predicted VCO 2 using the linear-flex method was À1.9% ranging from À19 to þ 9% in individual subjects in this study, compared to a mean error of À2.4% ranging from À15 to þ 20% in the study of Spurr et al. (1988) . The difference was not significant. This degree of accuracy would be adequate for 13 C-breath tests, where the error introduced by using resting VCO 2 , when individuals are not at rest, can be over 100%, that is, PAL42.0, especially in children ) third-order polynomial fitted to heart rate calibration data in an adult subject, showing how the third-order polynomial overestimates carbon dioxide production rate at low heart rate. Estimation of VCO 2 from heart rate C Slater et al (Table 4 ). The method of Livingstone et al. (1992) significantly overestimated VCO 2 in this study (mean difference À7.8 %, 95% CI À11.9, À3.6%). A similar result has been observed by in young adults, aged 23-29 years (Strath et al., 2002) . The operational determination of a flex point can be avoided with a nonlinear model. Second (Schulz et al., 1989; Davidson et al., 1997) and third (Bitar et al., 1996; Ribeyre et al., 2000; Beghin et al., 2000 Beghin et al., , 2002 Vermorel et al., 2002) order polynomials have been used to estimate energy expenditure from heart rate. A disadvantage of second-and third-order polynomials is that at low heart rate, such as when sleeping, they tend to rise and overestimate energy expenditure (Figure 2 ). This problem is avoided by the use of an appropriate exponential model, such as a logistic (Dauncey and James, 1979; Li et al., 1993) or sigmoid function (Moon and Butte, 1996) .
Smoothing heart rate data relative to VCO 2 can be used to account for the sluggish response of exhaled CO 2 to changes in heart rate, which may be due to the buffering effect of the body's bicarbonate pool or to parameters associated with the ventilated hood indirect calorimeter. In addition, response time differences may be due to difference in transducer response between the heart rate monitor and the indirect calorimeter, which may result in an apparent delay between heart rate rise and VCO 2 rise.
An alternative approach might be to predict VCO 2 from VO 2 , as the body does not store molecular O 2 , therefore the response to change in demand is virtually immediate. VCO 2 can then be predicted from VO 2 by assuming an RQ of 0.85 (IDECG, 1990) . This approach was explored by plotting heart rate versus VO 2 and fitting a sigmoid curve, but there was no advantage in predicting VCO 2 from VO 2 as assumption of a constant RQ in all subjects introduced a large error, resulting in a significant underestimation of VCO 2 of 7.9%, 95% CI 5.2, 10.6% (Table 2A) .
In 13 C-breath tests, an increase in VCO 2 will result in dilution of labelled CO 2 from the tracer by unlabelled CO 2 leading to low-breath 13 CO 2 enrichment. Use of a resting value of VCO 2 will lead to an underestimation of the true amount of tracer recovered in breath. However, use of a nonresting value of VCO 2 to calculate PDR will result in the correct value of 13 CO 2 excretion. There was a wider range of physical activity in children (1.0-2.5) than in adults (1.0-1.5), as might be expected (Table 4) . This leads to bigger errors in PDR calculation when a resting value of VCO 2 is assumed in children, than in adults. Children with CF have normal acetate metabolism and the PDR in 6 h was within the range for healthy children.
Attempts to find a generic calibration suitable for all subjects failed in children (data not shown), but individually calibrated heart rate monitors could be used to determine the PAL during the test. A constant nonresting value of VCO 2 could then be assumed, which takes into account physical activity and diet-induced thermogenesis during the test (Slater et al., 2003) .
Heart rate monitors were used in preference to motion sensors (Schulz et al., 1989; Montgomery et al., 2004) because motion sensors do not take account of increases in metabolic rate due to infection or inflammation. In addition, children with CF have been reported to have elevated resting VCO 2 compared to healthy children (Amarri et al., 1998) . It was expected that elevated VCO 2 would be accompanied by elevated heart rate. In this study, children with CF had elevated VCO 2 only when lying, not when sitting or standing (Slater, 2004) .
Use of a sigmoid function with smoothed heart rate could improve the estimate of total energy expenditure in studies using simultaneous measurement of heart rate and motion sensing to study both total energy expenditure and patterns of activity in free-living subjects (Rennie et al., 2000; Strath et al., 2002) .
In conclusion, the most accurate method of calibrating heart rate monitors for the estimation of total CO 2 production rate during 13 C-breath tests was obtained by fitting a sigmoid curve to smoothed heart rate data. Calibrated heart rate monitors can be used to estimate VCO 2 during breath tests that are performed under nonresting conditions, taking into account physical activity and diet-induced thermogenesis.
